Background: Tamoxifen decreases mammographic density. Whether compliance affects this relationship is unclear as is the relationship between other types of adjuvant treatment and changes in mammographic density.
MD could be a potential biomarker of tamoxifen response. However, whether changes in density during adjuvant tamoxifen treatment are a reflection of treatment response, compliance, or a combination of the two is unknown.
Although MD is a hormonally responsive trait, nonhormonal mechanisms could also theoretically affect MD. Based on histological studies, increased MD in healthy breast tissue has been shown to be associated with an increased number of epithelial and stromal cells (5, 6) , increased amount of collagen (6) , stromal fibrosis (7) , and increased aromatase expression (6, 8, 9) . Furthermore, regions with high MD may reflect a proinflammatory environment because these regions have been found to have increased COX-2 expression (10), reduced amounts of alternatively activated macrophages, and increased amounts of vimentin þ immune cells (6) .
Only three previous studies, to our knowledge, have explored the association between nonendocrine breast cancer treatments and changes in MD (11) (12) (13) , of which two of the studies exclusively investigated the association of chemotherapy and shortterm changes in MD (during chemotherapy treatment) using magnetic resonance imaging (12, 13) . Despite the discrepancies in modality and timing of follow-up, all three studies found that chemotherapy was associated with a reduction in density. Only the study by Knight et al. (11) has investigated the association between radiotherapy and density reduction and found no association. Although chemotherapy could affect MD of the unaffected breast by causing primary ovarian failure in premenopausal women, radiotherapy of the breast and locoregional lymph nodes has no known hormonal effects but may have systemic effects through its impact on the immune system (14) . We thus conducted this study to more thoroughly investigate the relationship between different types of adjuvant treatment-tamoxifen (specifically studying adherence), aromatase inhibitors (AIs), chemotherapy, and radiotherapy-and changes in MD.
Methods

Data Sources and Study Population
This study was performed within the LIBRO1 (15, 16) and KARMA (17) cohorts. Details regarding the inclusion and exclusion criteria, recruitment procedures, participants' characteristics, and follow-up of LIBRO1 and KARMA can be found elsewhere (15) (16) (17) . In short, LIBRO1 is a case-only cohort comprised of 5175 women diagnosed with breast cancer between January 1, 2001 and December 31, 2008 in the healthcare region of StockholmGotland in Sweden who were identified through the Regional Breast Cancer Register of Stockholm-Gotland. KARMA is a prospective cohort study initiated in 2011 and comprises 70 877 women attending mammography screening or clinical mammography at four hospitals in Sweden (17) . Using the unique personal identity number (18) assigned to all Swedish residents, breast cancer patients were identified by linkage to the regional breast cancer registers, with follow-up until December 31, 2015. The Swedish regional breast cancer registers include information on diagnosis, surgery, postoperative treatment, tumor characteristics, and follow-up and have a completeness of 98% (19) . Women in both studies answered questionnaires, donated blood at enrollment, and consented to the retrieval of their mammograms and the linkage of their medical records from various Swedish health registers by using the personal identity number. Questionnaires and study materials were largely similar for both studies because LIBRO1 was the pilot study of KARMA (16) .
Details on study population selection can be found in Figure 1 . Both LIBRO1 and KARMA were approved by the Regional Ethical Review Board in Stockholm, Sweden. All women gave written informed consent.
Mammographic Density
Details on the collection of mammograms and measurement of MD have been described elsewhere (17, 20) . In brief, full-field film (74.4%) or digital (25.6%) mammograms from the mediolateral oblique view of the unaffected breast were used to measure MD two-dimensionally using the newly developed STRATUS program (21) . Only mediolateral oblique views were used because it was the only view routinely used for screening mammography in Sweden. Of the 2490 women included in the final analyses, 183 (7.3%) women who had film mammograms at baseline had digital mammograms as first follow-up mammograms. All patients who had a baseline digital mammogram were subsequently examined with digital mammograms. Using the STRATUS alignment protocol, images were first aligned prior to density measurement (illustrated in Supplementary  Figure 1 , available online) to minimize measurement error. STRATUS then calculated the absolute dense area (in cm 2 ), absolute nondense area (in cm 2 ), total breast area (in cm 2 ), and percentage density (dense area/total breast area). Because we lacked information on body mass index (BMI) at follow-up, we chose to analyze changes in the absolute dense area rather than changes in percentage density, because percentage density is highly, inversely correlated with BMI (through BMI's strong association with the nondense area), whereas dense area has been shown to be only weakly associated with BMI (22) , if at all (23). Our primary outcome was dense area reduction, defined as an annual decrease of dense area greater than 15%. This was calculated under the assumption of a constant yearly percentage change in dense area, that is, we compared the dense area of the first follow-up mammogram with the baseline mammogram using the formula: dense area at follow up < dense area at baseline*(100%-15%) years_since_-diagnosis . The cutoff of 15% reduction was chosen based on results from our previous study (24) in which we found that a density reduction of more than 20% during a mean of 1.4 years of follow-up-which translates into an annual decrease of more than 15%-was associated with an improved survival compared with women with stabile density. All analyses were restricted to the first 3 years because we wished to investigate whether MD change could be used as a possible early biomarker of therapy response in breast cancer patients. Furthermore, this was the time scale used in our previous, aforementioned study (24) , during which the change of dense area was found to be associated with breast cancer outcomes.
Adjuvant Therapy
Information on adjuvant treatment was derived from the respective regional breast cancer registers. Of the 1918 women who were prescribed endocrine treatment, information on type of endocrine treatment was missing for 259 individuals. Because AIs were first approved in October, 2003, in Sweden, women with unknown type of endocrine treatment and a diagnosis before 2003 were coded as having received tamoxifen (n ¼ 164).
For the analysis of tamoxifen compliance and density change, more detailed information on prescription and dispensation of tamoxifen was retrieved from the Swedish Prescribed Drug Register. Based on our definition of tamoxifen adherence below and the fact that the Swedish Prescribed Drug Register was established July 1, 2005, we further restricted this analysis to women with follow-up mammograms taken after January 1, 2006. Tamoxifen use was categorized accordingly: women who were not prescribed endocrine treatment were considered "nonusers"; women prescribed tamoxifen and to whom tamoxifen was dispensed within 180 days before their follow-up mammogram were considered "continuers"; and women prescribed tamoxifen but to whom tamoxifen was not dispensed within 180 days before their follow-up mammogram were considered "discontinuers." Because a 3-month supply is the maximum that is allowed to be dispensed at each time in Sweden, an interval of more than 180 days indicates that at least two dispensations have been missed, resulting in a shortage of the drug.
Covariates
Information on BMI, age at menarche, parity, family history of breast cancer, and use of hormonal contraception and hormone replacement therapy (HRT) was gathered from the questionnaires. The remaining patient, tumor, and treatment characteristics were retrieved from the respective regional breast cancer registers. For all categorical variables with missing information, a missing category was created and included in analyses.
Statistical Analysis
The Pearson v 2 test of association was used to assess differences in the distribution of descriptive characteristics between the group of women with and without a MD reduction. Only variables with a P value less than .2 were included as covariates in subsequent multivariable analyses. Furthermore, we also mutually adjusted for adjuvant therapy in all of the multivariable analyses (eg, radiotherapy and chemotherapy were included as adjustment factors when investigating the association between adjuvant hormone therapy and density reduction).
Logistic regression was performed to study the association between adjuvant therapy and MD reduction. Because the change of dense area differs greatly between pre-and Other exclusions Incomplete covariate information † (n=168) Local recurrence during follow-up (n=8) Distant metastasis during follow-up (n=3) Figure 1 . Flow chart of study participants. *Women with a baseline dense area less than 4.88 cm 2 (the lowest 5% of baseline dense area) were excluded because of the sensitivity to small errors and the inability to assess percentage change for these women. †Women lacking information on body mass index and age at menarche were excluded because these two variables were adjusted for as continuous variables in the multivariable analyses.
postmenopausal women (25) , analyses were also stratified on menopausal status. To assess the robustness of our findings, we conducted further analyses by recategorizing our study population by tamoxifen and chemotherapy usage into the following four groups: 1) no tamoxifen and no chemotherapy, 2) tamoxifen only, 3) chemotherapy only, and 4) tamoxifen and chemotherapy. Logistic regression was also performed to study the association of tamoxifen compliance and change in MD, specifically comparing differences in MD reduction among women not prescribed endocrine therapy, tamoxifen discontinuers, and tamoxifen continuers.
All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) or Stata version 13.0 (Stata Corporation, College Station, TX). Statistical significance was determined at a two-sided alpha level of .05.
Results
Patient Characteristics
As compared with those defined as having no MD reduction, patients with MD reduction were more likely to be younger, be premenopausal, have a higher BMI, ever have used HRT, and have a higher baseline dense area ( 
Adjuvant AI Therapy
No statistically significant differences in change in dense area were observed in women treated with AIs vs those not treated with AIs. Further restricting our analysis to postmenopausal women showed consistent results ( Table 2) .
Adjuvant Radiotherapy
No statistically significant differences in change in dense area were observed in women who received radiotherapy vs those who did not receive radiotherapy. Stratified analyses on menopausal status showed consistent results ( Table 2) .
Adjuvant Chemotherapy
Patients treated with chemotherapy were more likely to have a reduction in dense area compared with patients not treated with chemotherapy, with an adjusted OR of 1.28 (95% CI ¼ 1.06 to 1.54) ( Table 2) . Stratified analyses on menopausal status showed consistent results for premenopausal women, whereas no association was observed in postmenopausal women. 
Discussion
In this prospective cohort study, both tamoxifen and chemotherapy were associated with a reduction in MD in breast cancer patients. These associations were present in the study population as a whole and, for tamoxifen, in both pre-and postmenopausal women but were, for chemotherapy, exclusive to premenopausal women. Furthermore, for women prescribed tamoxifen, density reduction was affected by compliance. Neither AIs nor radiotherapy was associated with density change. To our knowledge, this is the first study with adequate power to investigate the association between tamoxifen discontinuation and MD change. Only two other studies have investigated tamoxifen adherence (using prescription data) and density change (26, 27) of which the second study was nested within the first. Contrary to our finding that continuers of tamoxifen treatment had a more pronounced reduction in dense area than discontinuers, neither of the studies by Nyante et al. found an association between adherence and density change. The null finding may be explained by the studies' small sample sizes (only 15 women had >90 days without tamoxifen coverage during a mean of 12 months follow-up in the first study by Nyante et al. and in their second study, only 40 women were included) and the short follow-up period of the first study by Nyante et al.
Because continuers of tamoxifen treatment had a more pronounced reduction in dense area than discontinuers, the association between tamoxifen and density reduction is at least partially explained by compliance. This finding along with the findings of two previous studies showing that MD reduction during adjuvant tamoxifen treatment is associated with an improved survival (24, 26) suggest that 1) MD reduction could be a sign of therapy response in women adhering to tamoxifen, or 2) a lack of MD reduction could be a sign of treatment discontinuation.
Further analyses of dispensed tamoxifen showed that tamoxifen users (both continuers and discontinuers) were more likely to have an MD reduction compared with women not prescribed tamoxifen. The observed OR was higher in this analysis (OR ¼ 2.24, 95% CI ¼ 1.40 to 3.59) than in the main analysis (OR ¼ 1.58, 95% CI ¼ 1.25 to 1.99) in which tamoxifen use was based on intention to treat, suggesting that most previous studies (3) that have used intention-to-treat analyses may have underestimated the association between tamoxifen use and MD reduction.
In line with the few existing studies on chemotherapy and changes in MD (11-13), we found that chemotherapy was associated with density reduction. This may reflect lobular atrophy, which, in nonneoplastic breast tissue, has been found to be associated with chemotherapy (28) . To exclude the possibility that the relationship between chemotherapy and density reduction was due to residual confounding by tamoxifen, we carried out a sensitivity analysis restricted to women who had not received tamoxifen and found that the association persisted. Furthermore, congruent with the results by Chen et al. (12) who found that younger women had a more pronounced reduction in MD than older women, stratified analysis on menopausal status showed that the association between chemotherapy and density reduction was mainly seen in premenopausal women. Hence, as Chen et al. also hypothesized, we propose that the relationship between chemotherapy and density reduction is largely due to a change in the hormonal milieu (specifically, decreases in estrogen and progesterone levels) secondary to chemotherapy-induced ovarian failure. However, although not statistically significant, there was a positive association between treatment with chemotherapy and density reduction also in postmenopausal women (OR ¼ 1.32, 95% CI ¼ 0.83 to 2.09). We therefore cannot rule out the possibility of other nonhormonal mechanisms being at play. Further studies with larger sample sizes are needed to investigate the association between chemotherapy and dense area reduction and, if replicated, investigate whether this potential association also translates into an improved survival.
We found no statistically significant association between AIs and MD. The null association may be explained by the relatively low dense area at baseline and small decrease in dense area during follow-up in this group of mainly postmenopausal women (due to the pharmacodynamics of the drug). The six previous studies on AIs and density change are inconsistent (3), of which only two were conducted in the adjuvant setting (29, 30) . The inconsistency in results may be due to confounding because common side effects of AIs include myalgia, joint pain, and osteoporosis. Thus, many women taking AIs may be prescribed nonsteroidal anti-inflammatory drugs, bisphosphonates, calcium, and vitamin D, all of which have been inversely associated with breast cancer risk (31-35) and could be associated with MD (36) (37) (38) . Both the side effects of AIs and additional drug prescription may be important to take into account when studying the association between AIs and density change in future studies. Consistent with previous studies (26) , women who experienced a greater density reduction were younger, more often premenopausal, and had a higher baseline dense area. We also observed a greater dense area reduction among women with higher BMI. However, we lack an explanatory hypothesis for this observation and thus cannot exclude the possibility that the association might be due to other unmeasured confounders.
Certain limitations of our study should be addressed. First, we were able to include only 36% of the participants because we needed both a baseline and follow-up mammogram to assess density change. Women who died before a follow-up mammography was performed (ie, within a maximum of 3 years of their breast cancer diagnosis) were therefore excluded, limiting generalizability to breast cancer patients with an especially poor prognosis. However, tumor characteristics, which are closely associated with survival, were not associated with MD reduction in our study. Thus, this selection is not likely to have threatened the internal validity of our study. Secondly, an investigation of MD as an early marker of therapy response should ideally focus on density change within the first year, which our study was insufficiently powered to do. This limitation is minimized by the fact that similar results were observed for year one, two, and three for all of the associations between adjuvant therapy and MD reduction (Supplementary Table 2 , available online). Thirdly, detailed information on drug dispensation was available for only a subpopulation of women whose breast cancers were diagnosed from 2005. This limited sample size disabled us from analyzing possible effects of therapy switching (between tamoxifen and AIs), tamoxifen duration, and days since last tamoxifen use on density change and therefore needs to be addressed in future studies. Finally, misclassification of tamoxifen continuers is possible because dispensation of tamoxifen does not necessarily guarantee consumption of the medication. Such misclassification would dilute rather than create our observed association. However, despite these limitations, the Swedish Drugs Registry enabled us to study tamoxifen dispensation rather than intention to treat, thereby reducing the risk of exposure misclassification. Furthermore, measurement errors of change in MD were minimized thanks to the completely automated density measurements and alignment of images (21) .
In conclusion, our study provides further evidence that MD is associated with both therapy response and compliance among tamoxifen users. The effect of tamoxifen on density reduction was already seen during the first follow-up mammogram, supporting the notion that MD change is an early marker of therapy response to tamoxifen. Assessment of density change may therefore be of great clinical benefit; failing to decrease in MD during tamoxifen treatment could be either a sign of poor compliance or poor treatment effect and a signal that a new treatment strategy is needed. Conversely, density reduction in tamoxifen users is a sign of therapy response and could also serve as an incentive to adhere to the medication. This would be of great value because endocrine treatment is prescribed for 5-10 years and compliance is poor due to sideeffects. Mammography is already a well-established part of the clinical follow-up of breast cancer patients and there are now validated, automated density assessment tools. Thus, clinical implementation of density assessment as a routine part of breast cancer patient follow-up would be simple and come at a low cost. *Mammographic density reduction was defined as an annual decrease in dense area greater than 15%. Tamoxifen users were defined as women who had at least one record of dispensed tamoxifen in the Swedish Prescribed Drug Register. Tamoxifen discontinuers were defined as patients who were prescribed tamoxifen but to whom no tamoxifen was dispensed within 180 days before the follow-up mammogram. We restricted our analyses to women with first follow-up mammograms taken 
